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Abstract
Background—Regulatory T cells (Treg) are potentially a useful therapeutic option for the 
treatment of immunopathological conditions including graft-versus-host disease. Umbilical cord 
blood (UCB) offers certain advantages over adult peripheral blood (APB) as a source of Treg for 
cellular therapy but yields far fewer Treg per unit. Pooling of Treg from multiple donors may 
overcome this challenge.
Methods—In this study, we assessed the in vitro and in vivo efficacy of multiple donor pooled 
UCB or APB-derived Treg.
Results—In vitro, pooled freshly isolated UCB-derived Treg were as suppressive as APB-
derived Treg. However, in a mouse model of human skin allodestruction, pooled UCB-derived 
Treg were more potent at suppressing alloresponses and prolonging skin survival compared with 
pooled APB-derived Treg. Improved survival of UCB Treg in an in vivo cell survival assay and 
their lower expression of human leukocyte antigen-ABC suggested that lower immunogenicity 
may account for their superior efficacy in vivo.
Conclusion—Multiple-unit UCB is therefore a viable source of human Treg for cellular therapy, 
and pooling of Treg from multiple donors offers a useful strategy for achieving required 
therapeutic doses.
Keywords
Regulatory T cells; Treg; Graft-versus-host disease; Skin; Transplantation; Umbilical cord blood; 
Multiple unit cord blood transplantation
3Address correspondence to: Kathryn J. Wood, D.Phil., Transplantation Research Immunology Group, Nuffield Department of 
Surgical Sciences, University of Oxford, Level 6, John Radcliffe Hospital, Oxford OX3 9DU, UK. kathryn.wood@nds.ox.ac.uk.
F.I., K.M., J.H., A.M., and K.J.W. participated in making the research design. F.I., K.M., J.H., A.M., and K.J.W. participated in 
writing the paper. F.I., K.M., and J.H. participated in performing the research. F.I., K.M., and J.H. participated in analyzing the data.
The authors declare no conflicts of interest.
Supplemental digital content (SDC) is available for this article. Direct URL citations appear in the printed text, and links to the digital 
files are provided in the HTML text of this article on the journal’s Web site (www.transplantjournal.com).
Europe PMC Funders Group
Author Manuscript
Transplantation. Author manuscript; available in PMC 2015 July 27.
Published in final edited form as:
Transplantation. 2013 January 15; 95(1): 85–93. doi:10.1097/TP.0b013e31827722ed.
 Europe PM
C Funders A
uthor M
anuscripts
 Europe PM
C Funders A
uthor M
anuscripts
Regulatory T cells (Treg) are capable of suppressing the proliferation and function of 
various effector cell populations that contribute to innate and adaptive immune responses (1, 
2). The application of Treg as a cellular therapy to treat autoimmune diseases, transplant 
rejection, and graft-versus-host disease (GVHD) has great potential (3, 4). Adoptive cellular 
therapy would permit infusion of Treg at a known dose and an appropriate time point, after 
assessment for purity and functional activity (5). Such a cellular therapy may integrate with 
existing biological control mechanisms in vivo and therefore be associated with fewer side 
effects than current immunosuppressive therapies (6). The most appropriate source of Treg 
for different clinical applications is debated, and both adult peripheral blood (APB) and 
umbilical cord blood (UCB) have been suggested as sources for Treg for clinical 
application. There are significant differences in the phenotype of T cells derived from APB 
compared with UCB (7–10). In UCB, there is a clear delineation of CD25hi Treg from 
predominantly nonactivated CD25− effector T cells (Teffs), allowing the isolation of Treg 
with a high purity purely on the basis of CD25hi expression (11, 12). In contrast, APB 
contains a large proportion of activated CD25+ Teffs, therefore requiring depletion of 
CD127+ cells (13). More importantly, Treg derived from UCB exhibit a predominantly 
naïve phenotype, with only a small memory population (10, 14). This naïve phenotype is 
associated with a significantly enhanced proliferation potential (15). Proliferating naïve Treg 
developing under the influence of a specific immunological environment may develop into 
memory Treg with the appropriate tissue-specific homing and functional molecules (16). 
The activation status of Treg may have a significant impact on their suppressive capacity. 
Freshly isolated UCB CD4+CD25+ cells have been reported to be incapable of suppressing 
the proliferation or activation of autologous responder cells in vitro in some systems (8, 17–
19), while in vitro-expanded UCB Treg demonstrate suppressive functions in vitro (19–21) 
and in GVHD models in vivo (21, 22). Nevertheless, in other systems where polyclonally 
stimulated adult responders are used, or where responders are stimulated with adult-derived 
antigen-presenting cells (APC), freshly isolated UCB Treg have demonstrated effective in 
vitro suppression (11, 23–25). The performance of UCB Treg in clinical studies reported to 
date is promising. Early data from a phase I dose-escalation trial for the infusion of UCB-
derived Treg in patients receiving double UCB transplants for the treatment of 
hematological malignancies demonstrated a reduced incidence of grade II to IV acute 
GVHD in patients treated with Treg (26).
While the frequency of CD25+ cells among the CD4+ fraction is significantly higher in UCB 
than in APB (7, 10, 27), the absolute number of Treg that can be obtained from a single unit 
of UCB is substantially lower than the average yield from a standard APB unit. UCB Treg 
are therefore expanded ex vivo in order to achieve the large numbers required for in vivo use 
(26). Importantly, however, expanded UCB Treg do not maintain their largely naïve 
phenotype and therefore may behave less efficiently in vivo where differentiation into a 
specific Treg subtype is beneficial. We therefore investigated an alternative approach 
whereby multiple allogeneic units of UCB are pooled in order to achieve therapeutic Treg 
doses. We show that although the in vitro suppressive ability of multiple-unit pooled human 
UCB-derived Treg was at least as effective as APB-derived Treg, the in vivo efficacy was 
significantly better on a per-cell basis. Differential immunogenicity, and subsequent survival 
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of Treg after adoptive transfer, contributes to this difference in functional potency of UCB 
versus APB-derived Treg in vivo.
RESULTS
Purity and Phenotype of UCB-Derived Treg
We assessed the purity and phenotype of UCB Treg obtained using a single-step magnetic 
bead isolation protocol. As a benchmark, we compared the isolated UCB Treg population 
with Treg isolated from APB using a two-step CD4+CD25+CD127lo magnetic bead protocol 
that we have found to yield high Treg purity (28). Flow cytometric analysis revealed that 
UCB-derived cells isolated by CD25+ selection contained a proportion of 
CD4+CD25+CD127lo cells similar to that obtained from APB by CD4+CD25+CD127lo 
selection (see Figure S1, SDC, http://links.lww.com/TP/A743). However, the proportion of 
FOXP3+CD127lo cells was higher in Treg derived from APB compared with UCB (Fig. 
1A). Meanwhile, FOXP3 was expressed with a lower median intensity in UCB CD4+CD25+ 
isolates compared with APB CD4+CD25+ isolates (Fig. 1B). Thus, FOXP3 was expressed at 
a lower density, on a per-cell basis, and at lower frequency among freshly isolated CD4+ 
UCB-derived Treg versus CD4+CD25+ CD127lo APB-derived Treg. Consistent with 
previous reports, demonstrating a predominantly naïve phenotype among UCB-derived Treg 
(7–9, 29), we found the expression of CD45RA significantly higher in UCB-derived Treg 
compared with APB-derived Treg (Fig. 1C). Next, we compared the ability of resting and 
stimulated UCB-derived and APB-derived Treg to express molecules described to confer 
Treg suppressive function. First, we assessed the expression of ectonucleotidase CD39, 
which has been described to mediate Treg suppression by hydrolysis of extracellular ATP 
and has been attributed to a memory Treg subset (30). Approximately 50% of APB-derived 
Treg cells expressed ectonucleotidase CD39, whereas only 15% of unstimulated and 20% to 
30% of activated UCB-derived Treg expressed CD39 (Fig. 1D). We analyzed the ability of 
Treg to express perforin, which has been linked with the ability of human Treg to induce 
death of autologous target cells (31). Interestingly, although resting Treg did not express 
perforin, αCD3 and αCD28 stimulation resulted in the induction of perforin expression in 
Treg, with on average 60% of UCB-derived Treg expressing perforin compared to 30% of 
APB-derived Treg (Fig. 1E). Finally, we measured Treg production of the anti-inflammatory 
cytokines IL-10 and TGFβ, which have been demonstrated to convey suppressive function 
in both mouse and human Treg (32, 33). TGFβ levels were assessed by measurement of 
latency-associated peptide (LAP), which forms noncovalent bonds with TGFβ and therefore 
allows the measurement of total TGFβ present in the sample without acidification. The 
levels of LAP measured in both unstimulated and stimulated samples from either Treg 
population were below test detection levels (data not shown). Interestingly, stimulated APB-
derived Treg produced significantly more IL-10 than stimulated UCB-derived cells (Fig. 
1F). Taken together, our results suggest that UCB-derived and APB-derived human Treg 
vary in the degree and range of utilization of molecular mechanisms of regulation and 
therefore may differ in efficacy of suppression.
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UCB-Derived Treg and APB-Derived Treg Display Similar In Vitro Suppressive Activity But 
Differential In Vivo Effects
We first compared the ability of single-unit UCB and APB-derived Treg to suppress the 
proliferation of allogeneic responder peripheral blood monocyte cells (PBMCs) in vitro and 
found the suppression mediated by both Treg populations to be equivalent (Fig. 2A and B). 
As discussed earlier, the pooling of multiple units of UCB-derived or APB-derived Treg is a 
potentially useful method for obtaining greater numbers of therapeutic Treg without altering 
the phenotype of cells by ex vivo stimulation and expansion. In order to confirm that the 
functionality of pooled Treg is not compromised, we compared the in vitro suppressive 
efficacy of triple-unit UCB-derived and APB-derived Treg. Interestingly, both types of 
pooled Treg were equivalent in their suppressive capabilities, with suppression levels of 
allogeneic PBMCs similar to that achieved with single-unit Treg preparations (Fig. 2C). 
Hence, pooling of UCB units constitutes a viable approach to source sufficient Treg while 
maintaining the benefits of using UCB-derived Treg directly after isolation.
The ability of populations of Treg to suppress effectively in vitro does not necessarily 
confirm their in vivo efficacy. We therefore assessed the ability of Treg pooled from 
multiple APB or UCB donors to prevent the rejection of a human skin allograft in a PBMC-
humanized mouse model (34). Untreated mice and pooled APB Treg-treated mice displayed 
similar human skin allograft rejection kinetics, with median survival times (MST) of 37.5 
and 41 days, respectively (Fig. 3). In contrast, mice treated with pooled UCB-derived Treg 
displayed enhanced engraftment of the human skin transplant, achieving a MST of 73 days 
compared with 41 days using APB-derived Treg, indicating that freshly isolated UCB-
derived Treg confer an advantageous effect in vivo compared to their APB-derived 
counterparts (P=0.0323 between UCB-derived Treg and PBMC alone) (Fig. 3). Importantly, 
both UCB-derived and APB-derived Treg were randomly selected and therefore displayed a 
high degree of human leukocyte antigen (HLA) mismatch with the responder PBMCs (mean 
match of 1.7 out of 6 HLA loci for UCB-derived Treg and mean match of 1 out of 6 HLA 
loci for APB-derived Treg). Pooled Treg were also highly mismatched between themselves 
(mean match of 1.3 out of 6 HLA loci within the UCB group and mean match of 2.3 out of 6 
HLA loci between APB Treg, data from one representative experiment), providing evidence 
that even highly mismatched UCB-derived Treg are able to effectively control allograft 
rejection.
UCB-Derived Treg Survive for Longer Than APB-Derived Treg After Adoptive Transfer In 
Vivo
The presence and persistence of therapeutic Treg in vivo is an important predictor of 
allograft survival (35). The differential in vivo effects of freshly isolated APB and UCB may 
therefore be related to differences in their survival after adoptive transfer. Importantly, in an 
HLA mismatched model such as that used in our study, some Treg cells are likely to be 
killed by allogeneic PBMC. The extent and susceptibility of different Treg populations to be 
effectively recognized and killed by allogeneic leukocytes has not previously been studied. 
To address this, we examined the persistence of UCB-derived and APB-derived Treg in 
vivo. Carboxyfluorescein succinimidyl ester (CFSE)-labeled Treg, pooled from multiple 
UCB or APB donors, were co-transferred with allogeneic adult PBMCs into BALB/c 
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Rag2−/−cγ−/− mice by intraperitoneal injection. Seven days after adoptive transfer, CFSE-
positive human cells were enumerated from peritoneal lavages. Interestingly, the number of 
surviving UCB-derived Treg was significantly greater than the number of surviving APB-
derived Treg (Fig. 4A). In order to determine whether this was caused by reduced killing of 
UCB Treg in vivo, we examined the expression of HLA molecules on UCB-derived and 
APB-derived Treg. While the expression of HLA-DR was similar between UCB-derived 
and APB-derived Treg (Fig. 4B), the expression of HLA-ABC was significantly lower on 
UCB-derived Treg compared with APB-derived Treg (Fig. 4C) indicating that UCB-derived 
Treg have a reduced susceptibility to CD8+ T-cell-mediated killing.
DISCUSSION
There is great interest in cellular therapies such as Treg that may engage inherent immune 
control mechanisms to prevent the development of specific immune responses. While it has 
long been recognized that Treg may be present in their thymically derived or inducible 
types, it is now increasingly clear that Treg heterogeneity may mirror that of effector T cells, 
with naïve-like and memory-like subtypes (15, 16). The expression of markers of cellular 
immaturity such as CD45RA on Treg has been associated with improved in vivo 
proliferation and suppression, with UCB-derived Treg showing a predominance of a naïve 
Treg phenotype. However, the isolation and expansion of naïve Treg to obtain adequate 
numbers for therapy alters the naïve phenotype and may therefore prove counterproductive. 
Transfection of naïve CD4+ cells with FOXP3 or the pooling of Treg from multiple donors 
are therefore the only two methods of generating nonexpanded Treg. Pooling of Treg is a 
potentially rapid method for producing Treg that may be used as an “off-the-shelf” therapy. 
The current study is the first investigating the feasibility and efficacy of pooled Treg for in 
vivo use. Our results indicate that, in spite of containing a lower proportion of 
FOXP3+CD127lo cells after isolation, freshly isolated UCB-derived Treg are at least as 
suppressive as Treg freshly isolated from APB. Importantly, pooling from multiple donors 
neither enhanced nor compromised the suppressive capabilities of Treg compared with using 
Treg from a single allogeneic donor. Contrary to previous reports that UCB CD4+CD25+ 
cells are incapable of suppressing responder cell proliferation or activation in vitro (8, 17, 
18), we observed comparable inhibition of responder cell proliferation in vitro by freshly 
isolated UCB-derived and APB-derived Treg. More importantly, UCB-derived Treg 
controlled human skin allograft rejection in vivo more effectively than APB-derived Treg.
Pooling of Treg necessarily implies that the cells will be nonautologous to the recipient. 
These Treg are therefore potential targets of an allogeneic killing response. The superior 
performance of UCB-derived over APB-derived Treg in our in vivo transplantation model 
may be attributable to the greater persistence of these cells in the early phase after adoptive 
transfer, as indicated by the in vivo cell survival assay. This explanation is consistent with 
the observation that suppression of xenogeneic GVHD in a mouse model correlates with the 
persistence of Treg in the peripheral blood (22). Differential immunogenicity between APB-
derived and UCB-derived Treg populations, suggested by the higher levels of HLA class I 
molecules expressed by APB-derived Treg, compared with UCB-derived Treg, provides a 
mechanistic explanation for the observed disparity in in vivo cell survival. However, it is 
also possible that inherent functional differences in suppressive mechanisms utilized by 
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these Treg populations are present, although in vitro a difference in the suppressive 
capability between the two populations was not observed.
Cellular composition might be a contributing factor determining the overall potency of 
UCB-derived versus APB-derived Treg. Treg in UCB are enriched for subpopulations 
exhibiting a resting naïve CD25+CD45RA+FoxP3lo phenotype, as opposed to an activated 
CD45RA−FoxP3hi phenotype (7–9, 29). Resting naïve Treg are quiescent, but proliferate 
strongly upon TCR stimulation, a property associated with maturation into an activated Treg 
phenotype and acquisition of robust suppressive function (15). Interestingly, CD45RA+ Treg 
are more resistant to apoptosis than CD45RA− Treg (15), which may also contribute to the 
enhanced survival of UCB Treg in vivo. In vitro, CD45RA+ cells have been found to be 
more suppressive than CD45RA− Treg (36), suggesting an inherent functional superiority of 
naïve versus activated Treg. Whole UCB transfusions induce GVHD less frequently, and 
less severely, than adult BM transplants in the treatment of hematological malignancies (37, 
38). The naivety of the effector T-cell population in UCB has been offered as an explanation 
for this mild disease severity (14, 38, 39). However, it is also possible that the functionality 
of the Treg compartment within UCB is more pronounced than in adults. Additionally, the 
specific fate (governing attributes such as homing properties, repertoire of effector 
molecules, and principal cellular targets) acquired by naïve Treg during their functional 
maturation is determined by the context in which these cells encounter antigen in the 
periphery. These fate determinants reflect current immunological status, allowing the 
repertoire of Treg effector functions to be adapted according to the prevailing demands upon 
Treg function (40). Naïve Treg maturing in the presence of a graft may therefore be directed 
towards a fate conducive to graft protection. Conversely, the virtue of adaptability among 
naïve Treg might be accompanied by less favorable consequences of phenotypic plasticity 
leading to pro-inflammatory activity (41), although previous studies suggest that CD45RA+ 
Treg exhibit a more stable phenotype and function than CD45RA− Treg (36).
UCB offers practical benefits over APB as a source of human Treg for cellular therapy. One 
of the major impediments to the development of Treg as a cellular therapy is the paucity of 
reliable cell surface markers for sorting human Treg. In mice, CD25 is used as a surrogate 
surface marker for the expression of foxp3. However, in humans, CD4+CD25+ activated 
effector T cells constitute a substantial population in the peripheral blood and, hence, a 
substantial contaminant in CD4+CD25hi isolates. As such, adult human Treg can be isolated 
with consistently high purity only by depletion of CD127+ cells, in addition to CD25+ 
enrichment (13, 24, 42). In contrast, because activated T effector cells are relatively scarce 
in UCB (43, 44), effector populations are predominantly CD25− and therefore delineated 
clearly from CD25hi Treg populations. Thus, using a protocol with relatively low labor and 
economic costs, utilizing good manufacturing practice-compatible reagents, Treg may be 
isolated from UCB purely upon the criterion of CD25hi expression by magnetic bead 
isolation (11, 12). Rather than comparing Treg isolated from UCB and APB by an identical 
procedure, we reasoned that our findings would have greater clinical relevance if Treg were 
isolated using protocols optimized for the blood source in each instance. Specifically, APB-
derived Treg were isolated using a magnetic-bead-based CD4+CD25+CD127lo selection kit, 
regarded by many as a suitable protocol for this purpose. For the isolation of Treg from 
UCB, we adopted a protocol developed by Figuero-Tentori and colleagues (11), which relies 
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solely upon magnetic-bead-based positive selection of CD25+ cells. Because the efficacy of 
this protocol applied to UCB has been demonstrated to be equal to the standard protocol 
applied to APB, we judge that this less manually intensive protocol is likely to be adopted as 
a standard for UCB Treg isolation in clinical practice. As an implication of this 
methodology, it is noteworthy that the function of UCB Treg was found to be superior even 
when compared with adult Treg purified by a more stringent isolation procedure than that 
used to isolate UCB Treg. Thus, our results offer further validation of this single-step 
isolation procedure for UCB Treg. The relative ease of isolation and the regulatory 
functionality of freshly isolated multiple-unit UCB Treg in vivo imply that this is a useful 
method for the generation of therapeutic human Treg for clinical use.
MATERIALS AND METHODS
Ethics Statement
Protocols were approved by the Committee on Animal Care and Ethical Review at the 
University of Oxford in accordance with the UK Animals (Scientific Procedures) Act 1986. 
Collection of human tissue samples was performed with full informed written consent and 
ethical approval from the Oxfordshire Research Ethics Committee (REC B), study number 
07/H0605/130.
PBMC and Treg Isolation
Adult human PBMCs were isolated from buffy coats of healthy donors (provided by the 
NHS Blood and Transplant [NHSBT] UK). Adult CD4+CD25+ CD127dim/− Treg cells were 
isolated using a magnetic-bead-based CD4+CD25+ CD127lo Regulatory T Cell Isolation Kit 
(Miltenyi Biotech) and LS columns (Miltenyi Biotech), as per manufacturer’s guidelines. 
Cord blood mononuclear cells were obtained from whole UCB units (NHSBT UK) by 
density gradient centrifugation using Ficoll-Paque Premium (GE Healthcare). Cord blood 
CD25+ cells were isolated by labeling cells with MACS CD25+ Microbeads II (Miltenyi 
Biotech) and passing through two LS columns (Miltenyi Biotech) in succession, according 
to the manufacturer’s guidelines. Treg from APB and UCB were freshly isolated and not 
subjected to any period of cell culture prior to use in in vitro and in vivo assays.
In Vitro Suppression Tests
Freshly isolated human Treg were cultured for 7 days with cryopreserved allogeneic human 
PBMCs in the presence of irradiated third-party PBMCs (i.e., allogeneic to both the 
responder PBMCs and the Treg), as a source of stimulation. Cells were cultured in complete 
medium, in 96-well round-bottomed plates at densities of 5×104 PBMCs and 1×105 
allogeneic stimulators per well, with Treg at ratios from 1 Treg:1 responder to 1/64 Treg:1 
responder. Treg derived from each of three cord bloods and three adult donors, or pooled (in 
equal proportions) from the same three cord blood or adult donors, were tested against 
PBMC responders from the same nonautologous adult donor. Six replicates were performed 
for each Treg donor, or combination of donors, at each Treg-to-responder ratio. Proliferation 
of PBMCs was determined by incorporation of 3H-thymidine (Perkin Elmer), added for the 
last 16 hour of culture.
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In Vitro Activation
To test functional marker expression upon activation, 1×105 isolated Treg were cultured for 
48 hr in the presence of 250 U/mL recombinant IL-2 (Chiron) and stimulated with 2×104 
αCD3 and αCD28 beads (Invitrogen) or left unstimulated. Supernatants were collected for 
analysis of IL-10 and LAP levels using a FlowCytomix Simplex beads assay (eBioscience). 
Cells were stained for functional markers as described below.
Flow Cytometry
For phenotypic analyses, αCD3-eFluor450 (eBioscience), αCD4-ECD (Beckmann Coulter), 
αCD8-APC-Cy7 (BD), αCD25-PECy7 (BD), and αCD45-APC (Invitrogen) were used. 7-
AAD viability staining solution (eBioscience) was used to eliminate dead cells from the 
analysis. FOXP3 intracellular staining was performed using a FOXP3 staining buffer set and 
αFoxP3-FITC antibody (both eBioscience). For analysis of functional markers, Treg after 
culture were stained with αCD39-PE-Cy7, αCD3-eFluor450 (both eBioscience), αCD4-
ECD (Beckmann Coulter), αCD25-APC-Cy7 (BD) antibodies, and 7-AAD dye, followed by 
fixation and permeabilization with FOXP3 staining buffers and staining with αFOXP3-PE 
and αPerforin-APC (both eBioscience). For analysis of HLA expression, αHLA-ABC-FITC 
and αHLA-DR-PerCP (BD) were used. Acquisition was performed using a BD FACSCanto 
II instrument and data analyzed using BD FACSDiva software.
Mice
BALB/c Rag2−/−cγ−/− (H2d) mice were housed under specific pathogen-free conditions in 
the Biomedical Services Unit of the John Radcliffe Hospital (Oxford, UK).
In Vivo Skin Survival Assay
Skin transplantation was performed as previously described (34). Only mice displaying 
greater than 1% splenic human leukocyte chimerism were included in analyses. Recipients 
of human skin grafts, 35 days posttransplantation, received 5×106 human PBMC in pure 
RPMI via intraperitoneal injection, with or without 1×106 freshly isolated human 
CD4+CD25+CD127lo Treg pooled from four APB donors or CD25+ Treg pooled from six 
UCB donors. Treg were nonautologous to both the PBMCs and the skin graft donor.
In Vivo Cell Survival Assay
BALB/c Rag2−/−cγ−/− mice received 5×106 cryopreserved and thawed PBMC 
intraperitoneally, with or without 1×106 freshly isolated, CFSE-labeled Treg pooled from 
either five APB or five UCB donors. Cells were extracted by peritoneal lavage at day 7 after 
adoptive transfer and Treg (identified as CFSE-positive cells) enumerated by flow 
cytometry.
Statistical Analysis
All statistical analyses were conducted using GraphPad Prism 5.00 (GraphPad Software, San 
Diego, CA, USA). Cell numbers and percentages of cellular populations were analyzed 
using two-tailed one-sample t tests. Log-rank tests were applied to graft survival data.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Phenotype of UCB-derived and APB-derived CD25+ Treg. Treg freshly isolated from UCB 
or APB were immunostained for CD4, CD25, CD127, FOXP3, and CD45RA (A–C). The 
percentage of cells or mean fluorescence intensity (MFI) values are plotted for each donor, 
with means indicated by horizontal lines. Percentage of CD4+ cells within each isolate 
expressing FOXP3+CD127lo plotted for 10 UCB donors and nine adult donors (A). MFI 
associated with FOXP3 expression among freshly isolated CD4+ T cells plotted for 10 UCB 
donors and nine adult donors (B). Percentage of freshly isolated Treg expressing CD45RA 
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plotted for seven UCB donors and eight adult donors, gated on CD25+CD127lo cells (C). 
Expression of CD39 (D) and perforin (E) by αCD3 and αCD28 bead stimulated or 
unstimulated UCB-derived or APB-derived Treg cultured for 48 hr in the presence of IL-2. 
IL-10 levels in supernatants from 48-hr cultures of αCD3 and αCD28 bead stimulated or 
unstimulated UCB-derived or APB-derived Treg (F). Four different donors with up to four 
repeats were tested in each group (D–F). *P<0.05.
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FIGURE 2. 
Suppressive capacity of UCB-derived versus APB-derived Treg. Treg freshly isolated from 
UCB were cultured with 5×104 irradiated allogeneic adult PBMCs (P) at various Treg-to-
responder ratios, in the presence of allogeneic stimulators (A). Responder proliferation was 
measured by a 3H-thymidine incorporation assay. Percentage proliferation is taken as the 
number of responders undergoing proliferation in the presence of Treg as a percentage of the 
number of stimulated responders proliferating in the absence of Treg. Mean values±standard 
deviation (SD) from six replicates at each Treg-to-responder ratio are plotted for three UCB 
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donors. Treg freshly isolated from APB were cultured in conditions identical to those used 
for UCB-derived Treg (B). Percentage proliferation of responders, relative to stimulated 
responders without Treg, is plotted as the mean of six replicates at each Treg-to-responder 
ratio, from one representative experiment including three adult donors. Data are represented 
as mean values±SD. Treg from the same three UCB or APB samples as those depicted in 
(A) and (B), respectively, were pooled and subjected to the in vitro suppression assay under 
identical conditions as Treg of single-donor origin (C). Data are represented as mean±SD for 
six replicates at each Treg-to-responder ratio.
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FIGURE 3. 
Prolongation of human skin allograft survival by adoptively transferred UCB-derived and 
APB-derived Treg in a humanized mouse model. BALB/c Rag2−/−cγ−/− mice were 
transplanted with human skin and 35 days later received 5×106 PBMCs alone or together 
with 1×106 freshly isolated UCB-derived or APB-derived Treg, pooled from multiple 
donors. Percentage of grafts surviving (i.e., exhibiting no macroscopic indicators of 
rejection) is plotted over time. Treatment with UCB-derived Treg extended human skin 
allograft survival time significantly in comparison to PBMC alone (P=0.0323), achieving a 
MST of 73 days (two independent in vivo assays, Treg pooled from four to six donors).
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FIGURE 4. 
Survival of APB-derived and UCB-derived Treg in vivo after adoptive transfer. 5×106 
PBMCs were injected intraperitoneally into BALB/c Rag2−/−cγ−/− mice alone (n=5 mice) or 
with 1×106 freshly isolated, CFSE-stained Treg pooled from either five adult donors (n=3 
mice) or five UCB donors (n=5 mice) (A). Cells were extracted by peritoneal lavage on day 
7 after adoptive transfer and Treg (identified as CFSE+ cells) were enumerated. Mean cell 
numbers are plotted±SD. Freshly isolated Treg from UCB and APB were immunostained for 
HLA-DR (B) and HLA-ABC (C), and the MFI among CD4+ cells from each source was 
determined. Data are represented as mean values from three UCB and three APB Treg 
donors±SD.
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